The glucose dehydrogenase gene (G/d) in Drosophila melanogaster exhibits a unique spatial and temporal pattern of expression.
Introduction
During the past decade there has been a growing awareness that changes in gene regulation may be the major vehicle of organismal evolution (Wilson 1976; Raff and Kaufman 1983) . Considerable progress has recently been made in understanding the evolution of alcohol dehydrogenase regulation in the genus Drosophila (Rabinow and Dickinson 198 1; Batterman et al. 1983; Benyajati et al. 1983 ). These studies indicate that gene and promoter duplication and the divergence of cis-acting regulatory elements have occurred within the genus Drosophila to effect a differential pattern of ADH expression. Such studies have discovered a multiplicity of solutions for the same basic tissue and developmental pattern of expression in different species. In contrast, few studies have focused on the coordinate change in morphology and gene regulation in a closely related taxonomic group. Unfortunately, few systems have been identified that are amenable to study.
I have identified a gene in Drosophila that is ideally suited for investigating the coevolution of morphology and gene regulation. This gene encodes the structural gene for glucose dehydrogenase (G/d: EC 1.1.99.10; Cavener [ 19801) . (The name and acronym for the glucose dehydrogenase structural gene were mistakenly identified earlier as glucose oxidase and Go, respectively; Cavener and MacIntyre [ 19831) . In Drosophila melanogaster, GLD is expressed during the pupal stage where it is required for eclosion (i.e., emergence from the puparium after the completion of metamorphosis). The expression of GLD becomes male limited at the adult 1. Key words: Coevolution, Drosophila, glucose dehydrogenase gene, male reproductive organ, morphology.
stage, whereupon it is transferred to females during copulation (Cavener and MacIntyre 1983) . Of particular importance to this report is that GLD is expressed only in the ejaculatory duct of males during the adult stage. We have found that pupal and male GLD are encoded by a single gene. Thus, the D. melanogaster Gld gene exhibits an unusually restricted pattern of temporal and spatial regulation. In order to gain an understanding of the evolution of GLD regulation, I have examined the developmental expression of GLD and the morphology of the ejaculatory ducts of several Drosophila species representing the major species groups.
Material and Methods
With the exception of Drosophila melanogaster and simulans, all other species listed in tables l-3 were obtained from the National Drosophila Species Resource Center, Bowling Green University, Bowling Green, Ohio. The D. melanogaster strain used in these studies was the MWl (Cavener and MacIntyre 1983) wild-type strain. The D. simulans strain was isolated from a natural population in Georgia in 1979. All species were reared on a standard cornmeal medium at 22-24 C. Pupae were isolated from the walls of half-pint bottles and classified into the following stages by microscopic examination: prepupae (PP); stage 1 pupae (P 1, no eye pigment visible); stage 2 pupae (P2, light eye pigment visible); stage 3 pupae (P3, dark eye pigment); stage 4 pupae (P4, wings and bristles pigmented); and stage 5 pupae (P5, full pigmentation of pharate adult). Male and female adults were isolated from stock cultures. The sexes were separated and placed in fresh vials seeded with live yeast. The adults were maintained at 22-24 C for 3-7 days before their GLD activity was assayed. Spectrophotometric GLD assays were performed after methods described by Cavener and MacIntyre (1983) except that 0.05 M potassium phosphate buffer, pH 6.8, was used for both the homogenization and assay buffer. These assays were performed with a Gilford 2600 UV/VIS spectrophotometer with a 7225 HewlettPackard X-Y Plotter. Each data point represents the mean of three replicates from a homogenate of 6-l 2 individuals except for data in table 4, where the body part of only a single individual was used.
The genital imaginal disc transplantation experiments were performed after the procedures of Ursprung (1967) . Genital imaginal discs from male melanogaster third instar larvae were isolated using tungsten dissecting needles. Single discs were injected into either male or female pseudoobscura third instar larvae using an injection needle forged from 20-~1 Drummond microcaps. Four to 5 days after eclosion, the pseudoobscura hosts were dissected. The genital imaginal disc derivatives from the melanogaster male donor were assayed for GLD.
Results and Discussion
GLD activity in Drosophila melanogaster is restricted to third instar larvae, prepupae, pupae, and adult males (Cavener and MacIntyre 1983) . In order to determine whether the preadult GLD developmental profile exhibited in melanogaster was generally found in the genus Drosophila, three other Drosophila species were examined in detail. The three species chosen (ananassae, pseudoobscura, and immigrans) represent a varying degree of evolutionary relatedness to melanogaster. Ananassae, pseudoobscura, and melanogaster are in the Sophophora subgenus (Throckmorton 1962) . However, ananassae and melanogaster are more closely related. Zmmigrans is within an entirely different subgenus (Drosophila). The preadult GLD activity profile is quite similar for all four species ( fig. 1 ). GLD activity increases from third instar larval stage and reaches peak activity during the last three pupal stages. These data are consistent with the hypothesis that the function of melanogaster GLD in eclosion (Cavener and MacIntyre 1983 ) is conserved in the Drosophila genus. A more extensive phylogenetic survey of the preadult GLD activity was done using only stages P3-P4 pupae (table 1). Most species exhibit substantial levels of pupal GLD activity. Because many species pupate in the medium, it was impractical to determine the wet weight of the pupae. Thus, the pupal GLD activity is given only in units per individual. Unfortunately, interspecific comparisons of pupal GLD activities are not meaningful because of the variation in size among these species. It is obvious from inspection that pupal size and adult body size are highly correlated within species. Thus, meaningful intraspecific comparison between GLD pupae and adult activities can be made when activity is computed in units per individual. Table 1 lists the pupal, adult male, and adult female GLD activities in units per individual. In all but three species (kikkawai, willistoni, and saltans), pupal activity is more than twofold higher than adult female GLD activity. This comparison is important because it generally appears that the low apparent GLD activity of females is largely an artifact of our assay. (See below for further discussion on this point.) Thus, the female activities may approximate the background noise of our assay.
Because Drosophila adult females are generally larger than adult males, the GLD activities of adult males and females are given in units of wet weight for comparison (table 2) . The most important feature of these data is derived from the comparison of male and female adult GLD activities. Female GLD activities (table 2) are uniformly low for the 26 species assayed. In contrast, two rather distinct male GLD activity groups were found. One group (seven species) exhibits high male NOTE-SDS of the activity measurements are given in parentheses; pmol DCIP reduced min-' fly-' ml-' X 10m5.
GLD activity. The ratios of male to female GLD activity range from 3.7 to 7 1.4 in this group. Interestingly, all seven species are in the melanogaster species group. Four of these species (melanogaster, simulans, yakuba, and mauritiana) are within the melanogaster species subgroup as well. The second group of species exhibit low GLD activity, and their male/female GLD activity ratios are close to 1. All male/ female ratios are less than 2 except for D. robusta (ratio = 2.3). This group contains species from virtually all of the major Drosophila species groups including the melanogaster group (kikkawai, birchii, elegans, and jcusphila). The low apparent GLD activity exhibited by all of the females and the males of the second group are of questionable importance. Because the GLD assays are performed with crude homogenates, it is difficult to know whether the low activities are the result of catalysis of GLD or of a glucose-dependent reduction of DCIP by other unidentified enzymes. Adult females from a melanogaster GM mutant strain that totally lack the GZd gene have almost as much apparent "GLD activity" as wild-type melanogaster females (unpublished data). However, very faint electromorphs can be detected from tenfold concentrates of robusta and willistoni adults. These electromorphs are largely derived from nonreproductive tissues. These data taken together suggest that a very low level of GLD activity may be present in all adults of all Drosophila species. Despite the popular notion that most genes may be entirely transcriptionally inactive during certain developmental periods or in certain tissues, there are no known methods to rigorously test this notion. Furthermore, there are ample theoretical reasons for believing that genes have a finite probability of being transcribed even under conditions when such genes are thought to be in a general state of repression. Despite the difficulty in the interpretation of very low activity values, the high adult male GLD activity values exhibited by melanogaster, simulans, mauritiana, and eugracilis are nonetheless impressive. Examination of the ejaculatory ducts of the various species studied yielded an important clue to their high activities. All of the high-GLD-activity males have an enlarged ejaculatory duct. The expanded state of the ejaculatory duct is relatively rare among the genus Drosophila. Throckmorton (1962) originally documented this morphological difference ( fig. 2) . Among the lowactivity species, only guarani males exhibit an expanded ejaculatory duct. The expansion of the guarani ejaculatory duct is quite small and occurs only at the The anterior ejaculatory duct in each drawing is the unpaired structure attached laterally to the paragonia (large paired structures) and vasa deferentia (smaller paired structures). Note the expanded state of the melanogaster group ejaculatory duct. extreme anterior end. Indeed, my observations indicate that the guarani ejaculatory duct is considerably less expanded than indicated in Throckmorton's drawings ( fig.  2) . The importance of the correlation between male GLD activity and the morphology of the ejaculatory duct is dependent on the assumption that GLD is synthesized in the ejaculatory duct. Besides the fact that GLD activity is localized in the ejaculatory ducts of melanogaster males, the results of the imaginal disc transplantation experiments (described below) are consistent with the hypothesis that GLD is synthesized in the ejaculatory duct.
Coincidentally, the first takahashii strain that I obtained from the Drosophila Species Resource Center proved to be exceptional; it had an expanded ejaculatory duct but lacked GLD activity. Six other geographical strains of takahashii were obtained and examined (table 3). All seven strains have an expanded ejaculatory duct. The variation in pupal activity (table 3) is relatively small. Interestingly, male activities among the seven strains show a continuum. Two strains, both from the Philippines, have male/female GLD ratios close to 1. Two other strains (Nepal and South India) have ratios greater than 3. Distinct GLD electromorphs have been visualized for the Nepal, South India, and the two Taiwan strains. I have not been able to detect distinct GLD electromorphs from the two strains from the Philippines. The Philippine strains likely contain cis-and/or trans-acting regulatory mutations that result in the lack of GLD expression in the ejaculatory duct. A mutation in the coding region of GM is unlikely since these strains have normal pupal GLD NOTE.-prnol of DCIP reduced min-' mg of wet wt-' ml-' X 10m5. ' Pupal activities are given in units per individual rather than mg of weight.
activities. However, this hypothesis assumes that a single Gld gene exists in takahashii, as is the case for melanogaster (unpublished data). The function of pupal GLD is most likely conserved given its required function for eclosion in melanogaster (Cavener and MacIntyre 1983) . However, the apparent pupal GLD activities of a few species (e.g., willistoni and saltans) are so low that it is questionable whether GLD is functional at the pupal stage in these species.
The limited number of species expressing significant male GLD activities and possessing an expanded ejaculatory duct suggests that these two characters coevolved to serve an ancillary fertility function. Specifically, I propose that the ejaculatory duct, in most Drosophila species, functions solely as a propulsive organ, whereas in a few species it has an expanded size and an additional role to include a secretory function. According to this proposal, GLD is one of the secretory products of the ejaculatory duct in such species. It is uncertain whether GLD activity is an absolute requirement for male fertility in melanogaster. GZd null mutants that are thought to be due to point mutations are male fertile. However, a Gld null mutant that totally lacks the GZd gene (by virtue of two overlapping deletions) is male sterile. These contradictory results may arise from the presence of a very small amount of GLD activity that supports wild-type function in the putative point mutants, or it may be that the sterility of the GZd deletion mutant is caused by the mutation of another gene. At present I cannot rule out the null hypothesis that the expanded ejaculatory duct and GLD serve no functions in adult males.
One possible hypothesis for the observed correlation between the ejaculatory duct morphology and male GLD activity is simply that the quantity of activity is directly related to the size of the ejaculatory duct. Two facts weigh against this hypothesis. (1) Although the ejaculatory ducts in the high-activity group are larger than those in the low-activity group, the size differential is relatively small ( fig. 2 ) when compared with the large differences in GLD activity (table 2) . (2) Visual inspection of the size of the ejaculatory ducts within the high-activity group clearly indicates that there is not a positive correlation between size and GLD activity. For example, the takahashii strains have exceptionally large ejaculatory ducts but have rather low levels of male GLD activity compared with other species with smaller ejaculatory ducts (e.g., melanogaster and simulans). These data are more consistent with the hypothesis that the ejaculatory duct morphology and the male-limited expression of GLD coevolved. We have recently isolated genomic DNA clones of the melanogaster and pseudoobscura Gld genes. We intend to use these clones and Gld clones from other species to test this hypothesis by comparing DNA sequences and interspecific DNA-mediated gene transformation experiments.
There are several possible explanations for the high male GLD activity exhibited by a few species in the melanogaster species group. The major explanations include (1) unique cis-and/or trans-acting regulatory elements and (2) unique hormonal and/or developmental environments. I have used the method of imaginal disc transplantation to determine if the specific hormonal or developmental milieu of melanogaster males are requirements of male GLD expression. The male genital imaginal disc gives rise to all of the internal and external reproductive structures except for the testes. Among these structures is the ejaculatory duct. Imaginal discs, transplanted to a host third instar larvae, can undergo complete differentiation in parallel with the corresponding host disc. This technique has provided a means of testing the cellular autonomy of development and gene expression in melanogaster (Ursprung and Nothiger 1972) .
Although a few reports of successful interspecific transplantation experiments exist (Nothiger 1964) for closely related Drosophila species, there was no assurance that transplantation between pseudoobscura and melanogaster would be successful. Several reciprocal transplantation experiments were attempted between these two species. To date, the transplantation experiments involving the injection of male pseudoobscura male discs into melanogaster hosts have been unsuccessful. I have not recovered differentiated structures derived from the pseudoobscura donor. The reciprocal experiment has been successful in two cases. One experiment involved a female pseudoobscura host and the other involved a male pseudoobscura host. In both cases, the donor male melanogaster disc differentiated fully into normal male genital structures. Of critical importance, the melanogaster ejaculatory duct exhibited its normal expanded state. Thus, the unique morphology of the melanogaster ejaculatory duct is under cell autonomous control of the genital imaginal disc. GLD activity analysis of these ejaculatory ducts indicates that they have activities that are characteristic of the melanogaster species (table 4). It should be noted that ejaculatory ducts lose much of their GLD activity during the isolation processes. However, melanogaster ejaculatory ducts reared in pseudoobscura hosts (table 4, C and D) have similar levels of GLD activity to the melanogaster controls (table 4, A and B) and substantially more activity than the pseudoobscura host tissues (e.g., head and thorax). Similar results have been obtained from experiments involving male melanogaster donors and female melanogaster hosts (unpublished data). These experiments also indicate that GLD is synthesized by one of the organs derived from the imaginal disc, most likely the ejaculatory duct itself. In summary, these experiments demonstrate that the morphology of the ejaculatory duct and the expression of GLD in this organ does not require any species-or sex-specific hormonal or developmental factors that come from sources other than organs derived from the genital imaginal disc. It is quite likely, then, that the regulatory and developmental differences observed are largely the result of cis-and trans-acting factors that exist in the ejaculatory duct itself.
